The super energy flows generated and transmitted have been investigated in a parallel-plate waveguide, which is filled with air and the anisotropic left-handed materials. Theoretical analysis and numerical simulations show that the propagation modes of the anisotropic super waveguide are consistent with those of the isotropic waveguides [1] [2] [3] . They also show that the loss of electromagnetic parameters size of waveguide will influence the amplitude of time-average power flows.
Introduction
Forty years ago, Veselago proposed the concept of left-handed materials (LHM) which have negative permittivity and negative permeability [4] . At that time, these materials did not draw too much attention until the negative refraction index could be realised by man-made structures below the electromagnetic plasma frequency [5] [6] [7] [8] . Since the materials have both negative permittivity and permeability, this feature gives rise to a negative refractive index and backward-wave propagation. In other words, the wave vector k forms a left-handed triplet with the vectors E and H . Also, opposite to the direction of energy flows, wave fronts for propagating waves travel towards the source. Although these materi-als are not found in nature, many interesting properties have been predicated theoretically such as the reversal of Snell's law, the Doppler effect, and the Cherenkov radiation [4] . In recent years, many artificial materials with positive or negative electromagnetic parameters have been explored, and many other novel phenomena have been discovered theoretically, such as perfect lens and energy localizations [9, 10] . More recently, one of the interesting properties discovered is the super energy flows in a special waveguide which are filled with two equally thick layers of air and the LHM [1] [2] [3] . In this structure, extremely high power density flows are generated and transmitted along the waveguide.
In the above discussion, the structure of the waveguide is two equally thick layers which are filled with air and the isotropic LHM. However, as we know, the man-made materials are always anisotropic and lossy [11] [12] [13] [14] and it is difficult to synthesize the ideal isotropic left-handed materials(LHM). Therefore, it is interesting to investigate whether the high-power density flows can still be generated or not in the waveguide filled with air and the anisotropic LHM(ALHM). In this paper, firstly the physical properties of the TE wave in the waveguide filled with air and the ALHM are investigated. Then the conditions of the super energy flows in the waveguide filled with air and the ALHM are deduced. Finally, the effects on the super energy flows in the waveguide are discussed numerically in consideration of the loss of the ALHM.
Theoretical analysis
For simplicity, we restrict the problem to the 2-D case, and consider an anisotropic parallel-plate waveguide with the metal walls along the z axis. As shown in Fig. 1 , the anisotropic parallel-plate waveguide is composed of two layers: region 0 filled with air ( 0 ≤ ≤ 1 ) and region 1 filled with the ALHM ( 1 ≤ ≤ 2 ). By assuming
, is the ratio of the thickness of the two layers. The interface of the two materials is located at = 1 . In this system, the relative permittivity and permeability can be denoted as and µ respectively (for = 0 1). In the air layer, 0 = µ 0 = 1. In the left-handed material layer, considering biaxial anisotropy only, the relative electromagnetic parameters can be written as:
A two-dimensional (2D) line source is located at the origin of the Cartesian coordinate system in the + direction in the region 0 which will generate the electromagnetic wave of TE-mode. In this system, the x-components of the electromagnetic fields in the region 0 and the region 1 can be written in the following forms:
where
0 is the wave vector in the region 0.
is the wave vector of y direction. (1) and (2) can be determined as follows: 
In the above expressions,
, and
. For TE mode, only µ µ are involved in the above equations. Therefore, the relative electromagnetic parameters¯ 1 andμ 1 can be written in the following forms: = = µ = 1, = − /(1+δ), µ = − (1+δ), and µ = −(1 + δ)/ , where δ is a small quantity. If = 1 (the thickness of two layers is equal), then the electromagnetic parameters in the region 1 can be regarded as isotropic [1] [2] [3] . Due to the small value of δ, the energy flows will be greatly amplified which is consistent with the case of the isotropic super waveguide [1] [2] [3] . However, for the isotropic super waveguide it is difficult to arrive at the same result in practice due to the critical electromagnetic parameters and the inherent anisotropy of metamaterials. For a waveguide filled with the ALHM, the fields in the waveguide are greatly amplified owing to the small quantity δ as well. However, the anisotropic electromagnetic parameters can deviate from critical parameters through different choices of value . This could mean that realization of the waveguide may be possible one day. In our system, a 2-D line source along the direction can generate TE-modes waves. Therefore, the energy flows are along the y direction and the formula of time-averaged the Poynting vector can be written as:
Numerical simulations
In order to validate the super energy flows in the waveguide with air and the ALHM, full-wave numerical simulations have been carried out. We assume that the region 0 is located between 0 = −60 mm and 1 = 60 mm, and an excitation current I = 1 mA, along the x direction with frequency 1 Ghz, is located at the origin (Fig. 1) . For simplicity, we observe the range from = 3 m (10λ 0 ) to = 3 6 m (12λ 0 ) along the YOZ plane with = 0. According to the above analysis, due to 0 < λ/4, only the dominant mode can be excited and guided in the waveguide. , namely, the thickness of the ALHM is half of the layer of air, which means = 2. Region 1 is filled with the ALHM with the relative parameters = 2/(1 + δ) µ = 2(1 + δ) and µ = 0 5(1 + δ), and other relative parameters are equal to 1. Fig. 2a illustrates the distribution of electric field E of the dominant mode along the waveguide. Although the space in the region 1 has been compressed, the shape and mode of transmitting waves in the waveguide remain invariant. Fig. 2a shows that the amplitude of electric field E for the dominant mode reaches 4 × 10 6 mV/m which is much greater than that of the conventional waveguide filled with air. The time-averaged power density of the guided wave propagating in the waveguide along a section is also demonstrated in Fig. 2b . Clearly, the maximum time-averaged power density in the super waveguide is as high as 3 × , the distribution of electric field E for the dominant mode along the waveguide is illustrated in Fig. 3a . Although the space in the region 1 has been stretched, there is a large amplitude of field which is nearly 2 × 10 6 mV/m. The super time-averaged power density in the waveguide along a section is also shown in Fig. 3b , and the maximum time-averaged power density reaches 5 × 10 8 mW/m 2 .
The above results of numerical simulations show that the super time-averaged power density can be excited and transmitted along the waveguide filled with air and the ALHM, which is consistent with theoretical analysis. Meanwhile, we notice that high power density does not violate energy conservation in the super waveguide. From  Fig. 2b, 3b , the power flows of the region 0 and region 1 have the same approximate amplitude, but their direction is opposite [1] [2] [3] 15] .
However, we all know that there is difficulty in making lossless artificial materials. Therefore man-made materials are always lossy more or less. If the slightly lossy ALHM with γ = γ µ = 10
is filled in the region 1, then the electromagnetic parameters can be written as:
Other conditions are the same as Fig. 2 . Due to loss in the ALHM, there is some decrease in the value of time-averaged power density. However, the super time-averaged power density can also be observed, and the maximum value of time-averaged power density also reaches 4 × 10 8 mW/m 2 ( Fig. 4a) . Similar to the lossless case, the amplitude of the power density is , the time-averaged power density is still 4 × 10 4 mW/m 2 within the observation region, as shown in Fig. 4b , which makes the super waveguide more practical.
Conclusion
In this paper, the super time-averaged power density has been investigated theoretically in the waveguide with two different layers where one layer is filled with air, and the other is filled with the ALHM. For TE mode in the anisotropic layer, assuming = − /(1 + δ), µ = − (1 + δ), and µ = −(1 + δ)/ (where δ is a small quantity and decides the anisotropic degree of the metamaterials), the super energy flows can be generated and transmitted. It has also been shown that the results are the same as the cases in the isotropic super waveguide. When the ALHM contains a small loss, the extremely high power density can also be excited and transmitted along the waveguide. Finally, the results of the numerical simulations further confirm the results of the theoretical analysis.
